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© Improvements relating to holograms and diffraction gratings. 

© A hologram is fabricated by opening a volume 
phase reflection hologram formed in a recording 
medium (15) such as a positive photoresist. The 
opening occurs by forming a second hologram, such 
as an off-axis hologram, in the same recording me- • 
dium. The opened hologram can be replicated in 
metal and the metal can be used to emboss the 
fringe pattern of the opened hologram into plastic. A 
full range of colors in the visible spectrum may be 
obtained by metallizing the embossed plastic struc- 
ture and then by overcoating it with appropriate clear 
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IMPROVEMENTS RELATING TO HOLOGRAMS AND DIFFRACTION GRATINGS 



The present invention pertains to diffraction 
gratings and holograms. 

A hologram is a recording of an interference 
fringe pattern between two beams of light. One of 
these beams usually comprises light reflected from 
a real object and is called an "object beam." while 
the other beam is usually a pure and unmodulated 
beam and is called a "reference beam." if the 
object beam is pure and unmodulated like the 
reference beam, then a set of regular interference 
fringes is recorded and the hologram is referred to 
as a holographic diffraction grating. When a holog- 
ram is illuminated with only the reference beam, 
the object beam is exactly reproduced in phase 
and amplitude. 

There are two types of holographic recording 
configurations that are in prevalent use today. The 
first is called an off-axis, or "Leith-Upatniaks," holo- 
gram. In forming this type of hologram, the object 
beam and the reference beam impinge upon a 
recording medium from the same side and from 
directions which are separated by a small angle. As 
shown in FIG. 1 , the planes of the resulting interfer- 
ence fringes, which planes bisect the angle, are 
formed substantially perpendicular to the surface of 
the recording medium. Holographic diffraction grat- 
ings and embossed display holograms in use today 
are predominantly formed from this type of holog- 
ram. 

This hoiogram is considered to be an improve- 
ment over the original hologram invented by Gabor, 
before the advent of the laser and its coherent light 
made off-axis configuration possible. With the Gab- 
or, or in-line hologram, the object and reference 
beams fall in a line on the same axis. Because of 
the considerable difficulties involved in separating 
these beams, this hoiogram never came into wide 
use. As shall be seen later, however, one embodi- 
ment of the present invention exploits this configu- 
ration to useful advantage. 

Embossed display holograms are typically 
formed from off-axis holograms in a multi-step pro- 
cess. The first step usually involves making a pri- 
mary off-axis hologram where the real object is 
positioned some distance from the surface of the 
recording medium and the reference beam is a 
coilimated or parallel beam. The second step usu- 
ally involves illuminating the primary off-axis holog- 
ram with a coilimated beam of light to project a real 
image of the object into space. A second hologram 
is then made by positioning a new recording me- 
dium at the position of the projected real image 
and by introducing a new reference beam at an 
angle. After development, the second hologram can 
be viewed under ordinary white light instead of 



laser light because color blurring is minimized for a 
focused image. Such a process is described in an 
article entitled "The Newport Button: The Large 
Scale Replication Of Combined Three- And Two- 

5 Dimensional Holographic Images," by J. J. Cowan, 
Proc. of SPIE, Vol. 462 Optics in Entertainment II. 
1984, pp. 20-27. 

In the second step described above, if the 
primary hologram is illuminated with a narrow slit of 

10 light instead of with a full aperture beam, the real 
image is brighter and deeper, but it exhibits par- 
allax in the horizontal direction only and in a spec- 
tral hue of colors from blue to red in the vertical 
direction. The resulting "rainbow" hologram is the 

75 particular type of off-axis hologram which is most 
widely used today for embossed holograms. 

In making embossed holograms, the recording 
medium used in the second step described above 
is typically photoresist. Photoresist is a material 

20 which, when developed, yields a surface profile 
whose depth is proportional to the intensity of the 
incident interference fringes. Since the intensity of 
the interference fringes of most holograms is es- 
sentially sinusoidal, the etch depth profile of the 

25 surface of a developed hologram resembles a sine 
wave when viewed on edge. 

The third step of making an embossed holog- 
ram usually involves coating the surface of the 
photoresist of the hologram made in the second 

30 step with a conducting metal like silver and im- 
mersing the coated hologram in an electroplating 
bath to plate a layer, such as a layer of nickel, 
thereon. The fourth step involves using the nickel 
plate layer as a hard master to emboss the interfer- 

35 ence pattern into plastic that has been softened by 
heat, pressure, solvents or some combination 
thereof in a continuous fashion. Finally, in the last 
step, after embossing, the plastic is typically coat- 
ed with a highly reflecting metal, like aluminum, to 

40 enhance the diffraction efficiency of the embossed 
hologram. 

The second type of hologram in prevalent use 
today is a volume phase reflection (VPR), or 
"Denisyuk," hologram, in forming this type of holo- 

45 gram, the object beam and the reference beam 
impinge upon the recording medium from opposite 
sides and from opposite directions. As shown in 
FIG. 2, the planes of the resulting interference 
fringes are formed substantially parallel to the sur- 

so face of the recording medium. These planes are 
spaced apart within the recording medium at a 
distance which is equal to one-half the wavelength 
of the recording light divided by the index of refrac- 
tion of the recording medium. Typical recording 
media used in the art are fine grained silver halide 
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emulsions -for which the interference fringe planes 
comprise regions of high density of developed 
silver- or dichromated gelatin or photopolymer - 
for which the interference fringe planes comprise 
regions of slight differences in the index of refrac- 
tion in comparison with lower exposed regions. 
When a VPR hologram is illuminated with white 
light only light having the same wavelength as that 
of the light that was used in recording is reflected 
back to the viewer. This occurs because the inter- 
ference fringe planes that are stacked a half 
wavelength apart will only coherently backscatter 
light of that wavelength, i.e., they allow constructive 
interference. All other wavelengths destructively in- 
terfere and are scattered out of the field of view 
because they do not match the spacing of the 
planes. 

A VPR hologram advantageously allows view- 
ing at full parallax and in a single color, rather than 
the whole spectrum of colors which is characteristic 
of an off-axis hologram. Further, high diffraction 
efficiencies can be achieved without requiring a 
reflective metallic coating. Still further, a VPR can 
be viewed from almost any angle of illumination, 
whereas an off-axis hologram can usually be view- 
ed only with overhead illumination. 

Notwithstanding the above-described advan- 
tages of a VPR hologram, it has not generally been 
considered to be feasible to replicate this structure 
by embossing because the fringe structure com- 
prises a stack of parallel planes disposed within the 
body of the recording medium. This occurs be- 
cause development of a photoresist necessarily 
stops at the first layer. Consequently, VPR holog- 
rams are presently replicated by optical, rather 
than mechanical means, and only then by using a 
laser. The presently known, and conventional, 
method of replicating VPR holograms comprises 
the following steps: (1) making a master hologram 
recording plate by directing an object beam and a 
reference beam to impinge upon a first recording 
medium from opposite sides; and (2) placing a 
second recording plate in front of the developed 
master plate and passing a second reference beam 
therethrough - the object light from the master is 
reflected and passes in the opposite direction to 
the second reference beam in the second record- 
ing plate and a new VPR hologram will be recorded 
in the new recording plate. Conventional VPR holo- 
grams can be mass replicated. 

In accordance with one aspect of the present 
invention, a volume phase reflection hologram or 
holographic diffraction grating comprises a medium 
having formed therein a plurality of information- 
bearing periodically spaced stepped structures 
each of which is distributed depthwise in the me- 
dium with their individual steps arranged so that, 
when illuminated, they collectively reconstruct the 



optical information which they contain. 

In accordance with a second aspect of the 
present invention, a method of manufacturing a 
hologram comprising the steps of: forming a vol- 

5 ume phase reflection hologram in a medium; and 
opening a portion of the interference fringes of the 
volume phase reflection hologram.- 

The invention provides a solution to the need in 
the art for a volume phase reflection hologram 

to which can be easily replicated. 

Embodiments of the present invention are vol- 
ume phase reflection (VPR) holograms which can 
be replicated without using an on-line laser expo- 
sure or subsequent chemical processing steps. 

75 Further, the resulting replicated hologram is dimen- 
sionally stable and is not affected by humidity, heat 
or other environmental factors. Specifically, em- 
bodiments of the present invention include stepped 
surface relief structures which are referred to below 

20 as opened or Aztec holograms. The name Aztec 
hologram was chosen for two reasons: (1) Aztec 
may be considered as an acronym for diazo 
photoresist technology, where diazo describes a 
photosensitive molecule used in an illustrative posi- 

25 tive photoresist recording medium and, as shown in 
the accompanying figures, (2) Aztec brings to mind 
the particular pyramidal, stepped structure which is 
characteristic of embodiments of the present inven- 
tion. 

30 Embodiments of the inventive VPR or Aztec 
hologram can be formed in accordance with the 
following steps of the inventive method: (1) forming 
a volume phase reflection (VPR) hologram in a 
recording medium such as a positive photoresist 

35 and (2) opening the VPR hologram by forming a 
second hologram in the recording medium where 
the second hologram may be any one of a number 
of holograms known in the art such as, for exam- 
ple, an off-axis hologram. Further, the second or 

40 opening hologram may be formed after or at the 
same time the initial VPR hologram is formed. 

In some examples the first step of the method 
comprises recording a stack of substantially par- 
allel plane interference fringes in a phase recording 

45 medium by exposing the medium to a reference 
beam and an object beam which enter the medium 
from opposite directions. Then, the second or 
opening step of the method permits the medium to 
be opened* up to a developer etchant. In a pre- 

so ferred embodiment of the inventive hologram, the 
recording medium is a layer of positive photoresist 
and the opening or second recording preferably 
comprises forming a holographic diffraction grating 
whose interference fringes are perpendicular to the 

65 surface of the recording medium. Further, the sec- 
ond or opening grating is preferably a hexagonal 
honeycomb close-packed parabolic array or a par- 
allel line grating having triangular grooves. In fur- 
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ther embodiments of the inventive VPR or Aztec 
hologram, the second or opening recording need 
not be restricted to being a grating. For example, 
the second or opening recording may also be an 
off-axis hologram of an object 

As a result of the above-described inventive 
method, an inventive VPR hologram or VPR grating 
formed in a photosensitive material comprises a 
phase relief stepped or terraced structure formed 
within another periodic structure. The distance be- 
tween each step equals half the wavelength of the 
light within the medium used in the first recording, 
i.e., the light from the beams which entered the 
medium from opposite directions to form the VPR 
hologram. In an embodiment where the recording 
medium is a positive photoresist and the second or 
opening hologram is an off-axis hologram, the off- 
axis hologram opens up the surface of the record- 
ing medium to developer etchants so that lower 
lying planes of the interference fringe pattern can 
be accessed. Because developing photoresist is an 
ablative etching process that proceeds downward 
from the surface of the medium, an edge view of a 
profile of an embodiment of the inventive hologram 
comprises a set of vertical steps disposed within 
the medium a half wavelength apart the vertical 
steps being superimposed on a sine wave. As a 
result this profile resembles a stepped pyramid. 

The step height of embodiments of the present 
invention can be varied for - a given recording 
wavelength by changing the angle of incidence of 
the reference and object beams for the first record- 
ing. When the angles of both beams are the same, 
the step height is equal to one-half of the 
wavelength within the medium of the component of 
light which is perpendicular to the surface of the 
recording medium. A preferred embodiment of the 
inventive terraced structure is one in which the total 
surface area of each successive step is equal. 
Such a structure having a hexagonal honeycomb 
array is referred to as a micro zone plate. As wilt 
be further described below, the diffraction efficien- 
cy of the various orders of the diffraction pattern 
are a function of the number of steps in the em- 
bodiment of the structure. Further, the diffraction 
efficiency of the opening grating or hologram de- 
pends on the etch depth. Thus, a preferred em- 
bodiment of the inventive VPR grating and/or holo- 
gram has an etch depth which is chosen so that 
the diffraction efficiency of the opening grating is 
minimized in the first order and maximized in the 
zero order. Because the information content of an 
off-axis grating resides largely in the first order, this 
ensures that the image which results from the VPR 
or first recorded hologram will not be distorted by 
an image resulting from the opening or second 
recorded hologram. 

Further embodiments of the inventive VPR 



grating and/or hologram comprise inventive VPR 
gratings and/or holograms which are overcoated 
with a layer of highly reflecting metal to enhance 
the diffraction efficiency. Still further embodiments 
5 of the inventive VPR grating and/or hologram com- 
prise metal overcoated gratings and/or holograms 
which have been, in turn, overcoated with a clear 
dielectric. 

In use, the inventive grating and/or hologram is 

70 "reconstructed " by illuminating the inventive ter- 
raced structure with a beam of light. Constructive 
interference is produced from light which is coher- 
ently backscattered from the inventive terraced 
structure at a wavelength equal to twice the step 

75 height times the index of refraction of the over- 
coating layer. The "reconstructed" backscattered 
light has the same color as the recording beam if 
the layer overcoating the inventive terraced struc- 
ture has the same index of refraction as that of the 

20 original recording medium, assuming normal in- 
cidence of the recording beams. The 
"reconstructed" light has a longer wavelength than 
the recording beam if the step height during re- 
cording was made larger than that which occurs for 

25 normal incidence in a manner that will be explained 
in detail below. 

Embodiments of the inventive opened VPR or 
Aztec hologram can be replicated in metal, and the 
metal can be used to emboss the fringe pattern of 

30 the inventive opened VPR or Aztec hologram into 
long sheets of plastic. For example, a layer of 
nickel may be electroplated onto an inventive struc- 
ture formed in photoresist. The profile in nickel is 
the mirror image of the profile in photoresist. Then 

35 mass replication of the nickel pattern can be made 
in plastic by any of a number of methods such as 
by embossing using heat, pressure, solvents or 
some combination thereof. 

Yet still further embodiments of the inventive 

40 VPR grating and/or hologram which are embossed 
in plastic comprise such gratings and/or holograms 
which have been metallized to enhance the diffrac- 
tion efficiency. The color of the inventive hologram 
observed through the plastic base will be shifted 

4s towards blue if its index of refraction is lower than 
that of the original recording medium whereas the 
color will be shifted towards red if its index of 
refraction is higher than that of the original record- 
ing medium. A full range of colors in the visible 

50 spectrum may be obtained by overcoating the em- 
bossed plastic structure with a layer of highly re- 
flecting metal and then by overcoating the metal 
with appropriate clear dielectric layers. 

Preferred embodiments of the inventive struc- 

55 tures also can be used to advantage as a means 
for optical data storage by exploiting their reflection 
and refractive properties. 

A complete understanding of the present inven- 
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tion may be gained by considering the following 
detailed description in conjunction with the accom- 
panying drawings in which identical reference nu- 
merals are used to designate the same elements 
appearing in each figure where: 

FIG. 1 shows the formation of an off-axis 
hologram of the prior art; 

FIG. 2 shows formation of a volume phase 
reflection hologram of the prior art; 

FIG. 3 shows an embodiment of the inven- 
tive Aztec holographic diffraction grating; 

FIG. 4 illustrates a method for fabricating the 
inventive Aztec holographic diffraction grating 
shown in FIG. 3; 

FIG. 5 illustrates a method for varying the 
vertical step size of a VPR hologram formed in a 
first exposure of the recording medium; 

FIG. 6 illustrates another method for varying 
the vertical step size of a VPR hologram formed in 
a first exposure of the recording medium; 

FIG. 7 shows a cross section of a portion of 
an inventive Aztec holographic grating having para- 
boloidai depressions; 

FIG. 8 shows an inventive Aztec holographic 
grating having elongated triangular grooves; 

FIG. 9 illustrates a first arrangement for 
fabricating an Aztec hologram; 

FIG. 10 illustrates a second arrangement for 
fabricating an Aztec hologram; 

FIG. 11 illustrates an in-line configuration for 
recording an inventive hologram or holographic dif- 
fraction grating; 

FIG. 12 illustrates an in-line configuration for 
reconstructing a hologram or holographic diffraction 
grating formed as in Fig. 11; and 

FIG. 13 illustrates yet another arrangement 
for exposing an inventive hologram and/or grating. 

FIG. 3 shows an example of an Aztec holo- 
graphic diffraction grating 10 fabricated in accor- 
dance with the present invention. Recording me- 
dium 15 for the inventive stepped structure of this 
embodiment is a positive photoresist. In accor- 
dance with the inventive method, stepped structure 
10 is fabricated by twice exposing recording me- 
dium 15 to interfering light beams, each exposure 
comprising two different orientations of the light 
beams with respect to recording medium 15. The 
first exposure provides horizontally oriented layers 
20-23, and the second exposure opens up surface 
30 of recording medium 15 to an etchant so that 
steps 35-38, and so forth, of the inventive grating 
are formed. As will be explained in detail below, 
the two exposures may be performed sequentially 
or simultaneously. 

FIG. 4 illustrates the first exposure of the inven- 
tive method. Here, object beam 40 and reference 
beam 41 impinge upon recording medium 15 from 
opposite sides and in opposite directions. When 



fabricating, inventive Aztec grating 15 of FIG. 3. 
object beam 40 and reference beam 41 are iden- 
tical, i.e., pure and unmodulated. As a result of this 
first exposure, planes of exposure 20-23 are 
5 formed within recording medium 15 parallel to its 
surface, the spacing between planes 20-23 being 
equal to one-half the wavelength of the light within 
recording medium 1 5. For example, for an incident 
laser exposure wavelength of 458 nanometers and 
70 a photoresist having an index of refraction n = 1 .6, 
the spacing between planes 20-23, d = 458/(2 x 
1.6) = 143 nanometers. As should be clear to 
those of ordinary skill in the art, a reflector can be 
placed on back side 45 of photoresist recording 
75 medium 15 so that the first exposure may be 
performed using single incident beam 41. In this 
case, incident beam 41 passes through photoresist 
layer 15, is reflected and interferes with itself. 

The spacing between planes 20-23 shown in 
20 FIGs. 3 and 4, also referred to as a vertical step, 
can be changed either by using incident light hav- 
ing a different wavelength or by changing the angle 
of incidence of the incident light with respect to the 
surface of recording medium 15. if one uses 
25 photoresist as the recording medium for fabricating 
the inventive grating, one is typically restricted to 
changing the size of the vertical step by varying 
the angle of incidence of the incident light because 
photoresist requires substantially blue light for ex- 
30 posure. For example, in FIG. 5, reference beam 41 
impinges upon photoresist layer 15 at an angle of 
60 degrees, and is refracted into photoresist layer 
15 at an angle of 32.8 degrees. This occurs in 
accordance with SnelPs law of refraction, where sin 
35 60* = 1.6 x sin 32.8*. In this case, the vertical 
step between planes 20-23 is determined by the 
component of the incident light which is perpen- 
dicular to surface 30 of photoresist layer 15. Thus, 
d = 458/(2 x 1.6 x cos 32.8') = 170 nanometers. 
40 Note, however, the angle of incidence within 
photoresist layer 15 is limited to a value deter- 
mined by the critical angle, given by sin(critical 
angle) = 1/1.6, which yields 38.7 degrees. 

In further embodiments of the inventive meth- 
45 od, the vertical step between planes 20-23 within 
photoresist layer 15 can be increased still further 
by utilizing special optical coupling techniques. As 
shown in FIG. 6, if photoresist layer 15 is coated 
onto one face of equilateral prism 50 and light 
so beam 55 is brought into equilateral prism 50 from 
its back side 51 so that it is totally reflected from 
photoresist layer 15, then angles of incidence ap- 
proaching 90 degrees are possible. In this case, a 
reasonable angle of incidence for a typical 
55 photoresist is 60*. Such a value yields a vertical 
step size between interference planes d = 458/(2 x 
1.6 x cos 60* ) = 286 nanometers. Thus, by using 
various optical techniques, such as those described 



5 



EP 0 303 355 A2 



10 



above, one can achieve a wide range of vertical 
step spacing between interference planes for the 
inventive structures. 

FIG. 4 also illustrates the second exposure of 
the inventive method. Here, object beam 47 and 
reference beam 48, which are identical for this 
case of fabricating an inventive Aztec holographic 
diffraction grating, are directed so that they both 
impinge upon top surface 30 of photoresist layer 
15. Further, object beam 47 and reference beam 
48 are separated from each other by a small angle 
whose bisector is substantially perpendicular to 
surface 30. This geometry is one that is typically 
used to form an off-axis holographic grating, and, 
as a result, interference fringes 60-65 are disposed 
substantially perpendicularly to surface 30 of 
photoresist layer 15. FIG. 3 shows inventive Aztec 
holographic diffraction grating 10 formed as a re- 
sult of the first and second exposures. The inven- 
tive grating is a terraced structure superimposed 
on a linear opening grating or a stepped structure 
formed within another periodic structure. 

As described above, the first exposure pro- 
vides substantially parallel planes, 20-23, within 
photoresist layer 15. However, as is readily appar- 
ent to those of ordinary skill in the art, development 
of photoresist layer 15 only exposes first layer 20. 
Thus, in accordance with the inventive method, the 
second, opening exposure fabricates an opening 
structure which enables one to develop at least 
parts of layers 20-23. However, in accordance with 
the inventive method, the particular type of struc- 
ture fabricated in the second exposure for opening 
layers 20-23 is not critical. In fact, the second, 
opening exposure may provide an opening struc- 
ture which is a grating, as has been described 
above, or it may even provide a hologram. Specifi- 
cally, a whole host of different gratings or holog- 
rams may be fabricated as opening structures dur- 
ing the second exposure. For example, an appro- 
priate opening structure is a hexagonal honeycomb 
grating. Such an opening structure is formed during 
a second exposure which comprises arranging 
three coherent beams symmetrically around sur- 
face 30 according to the procedure set forth in an 
article entitled "Holographic Honeycomb Micro- 
lens," by J. J. Cowan, Optical Engr., Vol. 24, No. 5, 
Sept-Oct. 1985, pp. 796-802 (hereafter, the Cowan 
article) and U.S.-A-4.496.216 which article and 
which patent are incorporated herein by reference. 
The preferred periodicity of the fringes, which pe- 
riodicity is determined by the angle between the 
beams, is in a range between one to several mi- 
crometers. The resulting interference fringes of the 
opening holographic grating formed in accordance 
with the method described in the article are sub- 
stantially perpendicular to surface 30. 

By carefully controlling the etch rate when de- 



veloping photoresist layer 15 of the above-de- 
scribed hexagonal honeycomb grating in accor- 
dance with methods which are well known to those 
of ordinary skill in the art, the resulting inventive 

5 Aztec grating comprises an array of parabolically 
shaped depressions in the surface of photoresist 
layer 15. In particular, as is well-known to those of 
ordinary skill in the art, such parabolic depressions 
are produced in positive photoresist when one uses 

w an etchant which has a nonlinear etch rate. Be- 
cause regular vertical steps of the VPR grating 
which is formed as result of the first exposure are 
superimposed on the paraboloidal depressions 
which are formed as a result of the second expo- 

75 sure, the resulting structure comprises a set of 
ring-shaped steps with each ring-shaped step hav- 
ing the same area. A cross section of one depres- 
sion in the resulting structure shown in FIG. 7 
constitutes a zone plate within each hexagonal 

20 hole, i.e., a micro zone plate. 

Still further alternative embodiments of meth- 
ods for providing an opening structure are adapt- 
able for use in forming inventive Aztec gratings or 
holograms. The following embodiments are meant 

25 to be illustrative only and should not be considered 
to limit the invention in any manner. Examples are: 
(1) a suitable opening structure may be formed 
during a second exposure which comprises expos- 
ing the recording medium to four coherent beams 

30 according to the procedure set forth in the Cowan 
article; (2) a suitable opening structure may be 
formed during a second exposure which comprises 
exposing the recording medium to an single beam 
through an overlying mask -one example of such a 

35 suitable mask is a coarse Bonchi grating which 
comprises alternate clear and opaque areas; (3) a 
suitable opening structure may be formed during a 
second exposure which comprises exposing the 
recording medium to light scattered randomly, for 

40 example, an off-axis opening grating is fabricated 
by exposing the recording medium to a pure, un- 
modulated beam and a beam which has been 
reflected or transmitted through a diffuse scattering 
plate such as frosted glass -the randomly scat- 

45 tered light interferes with the pure, unmodulated 
beam to give a random phase perturbation; (4) a 
suitable opening structure may be formed in the 
developmental step if in the preparation of the 
resist surface in the prebake step there is provided 

50 a "skinning-over" or desensitization of the top sur- 
face layer. Such desensitization, for example, can 
result from the forced air drying of the resist sur- 
face at a typical prebake temperature between 80 
and 90 degrees C. In this case, for a uniform 

55 exposure certain developers may preferentially 
etch in a somewhat random fashion in certain areas 
over other adjacent areas, thus opening up the 
surface to the lower lying levels. Note that the 
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function of the second or opening exposure is to 
expose the surface of the photoresist so that the 
step structure of the first exposure can etch in well 
defined terraces. 

FIG. 8 shows a triangular groove, straight line 
grating 70 that has been fabricated by using a two- 
beam off-axis opening exposure. It is well-known to 
those of ordinary skill in the art as to how such a 
triangular groove may be fabricated by using an 
appropriate combination of linear and nonlinear 
etch rate developers -use of a linear developer 
where the etch rate is proportional to the develop- 
ment provides a sinusoidal profile whereas the use 
of a nonlinear deveioper which requires more expo- 
sure to obtain the same amount of etching provides 
a profile which more closely approximates a square 
wave. In this case, the two-beam straight line open- 
ing grating may provide steps having approximate- 
ly equal areas. 

In light of the above-described methods of 
fabricating inventive Aztec holographic diffraction 
gratings, there are several basic differences be- 
tween a conventional VPR diffraction grating and/or 
hologram known in the art and the inventive Aztec 
holographic diffraction grating and/or hologram. A 
first difference between a conventional VPR grating 
and/or hologram known in the art and the inventive 
Aztec grating and/or hologram concerns the 
amount of incident light that is reflected from each. 
Successive layers formed in the recording medium 
of a conventional VPR grating and/or hologram are 
substantially transparent. As a result, only a small 
amount of reflection occurs from each of these 
layers. Thus, essentially all the incident light im- 
pinges upon each successive layer of the grating 
and/or hologram. Consequently, because the re- 
cording medium is essentially transparent, the sur- 
face area available for reflection at each successive 
layer is equal to the area of the recording surface 
and, thus, is the same for each successive layer. 
Consequently, light that passes through a conven- 
tional VPR hologram is multiply reflected from 
many layers. In contrast, in the case of the inven- 
tive Aztec grating and/or hologram, only a small 
fraction of the total surface area of each successive 
layer is available for reflection, that being the area 
of each successive step of the terraced structure. 
As a result, the effective area for reflection cor- 
responds essentially to the area of the surface of 
the grating or hologram, i.e., the area of one of the 
layers of the conventional VPR grating and/or holo- 
gram. Consequently, less information content is 
provided by an inventive Aztec grating and/or holo- 
gram than is provided by a conventional VPR grat- 
ing and/or hologram. 

A second difference is that an Aztec holo- 
graphic diffraction grating and/or hologram has an 
additional opening structure, for example, an off- 



axis holographic grating, superimposed on the 
stepped structure of a VPR diffraction grating 
and/or hologram. As a result, light that is incident 
on an inventive Aztec grating and/or hologram is 

s diffracted by the stepped VPR grating and/or holo- 
gram and by the opening grating and/or hologram. 
Thus, in considering the diffraction efficiency of the 
inventive Aztec grating and/or hologram, the effi- 
ciency of both structures, i.e., the grating and/or 

10 hologram, formed in each exposure must be taken 
into account. In order to properly take into account 
the diffraction efficiency of the VPR grating and/or 
hologram versus the diffraction efficiency of the 
opening structure, we have considered the follow- 

75 ing approximate model to provide an understanding 
of the inventive structure. 

Consider the opening grating to be a relatively 
coarse, but continuous, periodic structure whose 
interference fringes are predominantly perpendicu- 

20 lar to the surface of the recording medium. Then, 
consider that another, finer, quantized step struc- 
ture resulting from interference fringes predomi- 
nantly parallel to the surface is superimposed upon 
this coarse structure. This stepped, or terraced, 

25 structure may also be referred to as phase quan- 
tization. We have performed an approximate math- 
ematical analysis of this structure which shows that 
there is a significant difference in the diffraction 
efficiency of the structure when quantized steps 

30 are present and when they are not. 

The information content of conventional off-axis 
holograms is concentrated in the first order dif- 
fracted light. As a consequence, one typically at- 
tempts to maximize the first order diffracted light 

35 and to minimize the zero order or reflected light. 
Our simple analysis of the diffraction efficiency of a 
conventional grating shows that, in general, for 
normal incidence light most of the diffracted light is 
equally divided into the first orders on each side of 

40 the grating normal, and the efficiency of the first - 
order is out of phase with the efficiency of the zero 
order light. This means that when the efficiency of 
the zero order diffracted light is minimal, the effi- 
ciency of the first order diffracted light is maximal. 

45 and vice versa. In this case, both efficiencies are a 
function of phase which is, in turn, directly related 
to etch depth. Consequently, as the etch depth 
increases, more light goes into the first order dif- 
fracted light. Thus, in developing a conventional 

so off-axis hologram formed in photoresist, one typi- 
cally etches to a depth which is sufficient to 
achieve a phase angle which maximizes the first 
order reflected light. In accordance with the above, 
this also minimizes the zero order reflected light. 

55 However, the design goal for an inventive Az- 
tec grating and/or hologram is the opposite of the 
above-described goal for an off-axis hologram. The 
first and higher-order diffracted light of the off-axis 
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hologram is of little interest and one wishes to 
maximize instead the light diffracted by the Aztec 
grating and/or hologram. This light may be consid- 
ered to reside in the zero order reflected light 

Here a distinction has to be made between the 
information content of the opening grating and that 
of the Aztec grating and/or hologram. In general the 
information content of any hologram resides in the 
first and higher order diffracted light, and the zero 
order refers only to unmodulated undiffracted light. 
In this case, however, there are two diffractive 
structures, i.e., the coarse opening structure and 
the fine Aztec stepped structure. Here the zero 
order of the opening structure provides a reservoir 
of light for the Aztec structure. Thus the first order 
diffracted light of the Aztec structure is equivalent 
to the zero order reflected beam of the opening 
structure. This interpretation may be compared to 
that given by Kogelnik in the coupled-wave analy- 
sis of deep hologram efficiencies (H. Kogelnik, 
"Coupled Wave Theory for Thick Hologram Grat- 
ings". Bell Syst. Tech. J., 48. 2909 (1969)). In this 
analysis the zero-order light is the incident beam, 
and its intensity is depleted as it passes through 
the fringe structure, exchanging its energy with the 
first order diffracted light. For a VPR grating, this 
diffracted light constitutes the reflected beam, what 
we have here called the "zero order reflected 
beam". For a VPR hologram of an actual object, 
the reflected beam is modulated in both intensity 
and direction. Thus, the interpretations of the 
coupled-wave analysis and the model considered 
here are equivalent. 

Ourmodel shows that the efficiency of the Az- 
tec grating depends critically on how well quan- 
tized the steps are. This results from the fact that 
the efficiency of the zero order diffracted light for 
an "unstepped" grating starts at approximately 
100% for zero phase, goes to zero at 2w, and then 
oscillates between low values and zero thereafter, 
the zeroes occurring at phase differences of 2m. In 
contrast, the efficiency of the zero order diffracted 
light for an inventive stepped grating also starts at 
100% for zero phase, but it then oscillates between 
0% and 100%, the zeroes occurring at phase val- 
ues which equal odd multiples of m and the values 
of 100% occurring at phase values which equal 
even multiples of m. Further, when the zero order 
diffracted light is minimal, the first order is maximal 
and vice versa. Thus, if the steps of an inventive 
grating are not sufficiently quantized, i.e., the steps 
are so ill-defined that the grating looks like a con- 
ventional grating, the zero order diffracted light will 
be approximately zero at 2m instead of the desired 
level of approximately 100%. This result provides 
two important design requirements for an inventive 
Aztec grating and/or hologram: (1) the steps should 
be formed to a depth that is some multiple of the 



basic step height, each additional step providing a 
phase difference of 2* and (2) it is necessary to 
form the steps carefully so that the stepped profile 
is well-defined. With regard to etching of a 

5 photoresist recording medium, this second design 
requirement means that the inventive structure 
should be fabricated by using a nonlinear etchant 
in order to provide well quantized steps. As is 
known to those of ordinary skill in the art, such 

10 nonlinear etchants are weak developers and hence 
require a longer time to develop the structure than 
would be the case for a linear developer. As a 
result, the steps of an inventive Aztec grating will 
be well-defined parallel structures. However, the 

is steps of an inventive Aztec hologram, for which the 
image of a real object is formed, will be modulated, 
i.e., they will no longer be strictly parallel because 
some of the light reflected from a large object will 
impinge upon the recording medium at large an- 

20 gles and the step height can change slightly. 

Thisanalysis of the inventive structure also 
shows that, as the number of vertical steps gets 
larger, the bandwidth of the zero order diffracted 
light gets smaller even though the intensity does 

25 not increase as the bandwidth gets smaller. In 
principle, one could achieve an arbitrarily small 
bandwidth simply by increasing the number of 
steps. However, practical considerations, which 
take into account periodicity and aspect ratio, limit 

30 the number of steps to perhaps no more than ten. 
with five or six being the usual number. This is in 
contrast to the typical 20 to 100 layers of a typical 
conventional VPR hologram. 

High reflectivity can be achieved with the con- 

35 ventional VPR hologram because of the large num- 
ber of layers and because, as described above, the 
entire surface area of the hologram plate can be 
used for each of the successive layers. With the 
inventive Aztec hologram, on the other hand, there 

40 is effectively only a single, stepped layer so that 
the nearest that one can approach perfect reflectiv- 
ity with the inventive Aztec structure is to coat it 
with a highly reflecting, usually vacuum evaporated, 
metal layer. When this is done the reflectivity of 

45 each step approaches 100 percent -actually, over 
95 percent for a silver layer, and over 90 percent 
for an aluminum layer. Thus, the percentage of the 
total incident light reflected by each successive 
step is almost equal to the fractional surface area 

so of that step. For example, if there are 10 steps in a 
micro zone plate array, then each step has the 
same area and reflects back 10 percent of the 
incident light, assuming perfect reflectivity. 

A third difference between a conventional VPR 

55 hologram and the inventive Aztec hologram occurs 
as a result of considering index of refraction. For a 
conventional VPR hologram, there is a relatively 
small change in index from one layer to another 
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over a relatively large number of layers. This pro- 
vides an increasingly narrow bandwidth as the 
number of layers increases, but only up to a cer- 
tain point. Increasing the number of layers beyond 
that point results in a broadened bandwidth. For an 
inventive Aztec hologram, on the other hand, the 
index changes are large and the number of steps is 
smail. however, there is no saturation point in ban- 
dwidth that occurs as a result of increasing the 
number of steps. 

As was described above, the color selectivity 
of a VPR hologram depends on the recording 
wavelength, the same color being obtained in re- 
flection as was used in construction. Whether one 
will obtain the same color back depends, in actual 
practice, on the absence of swelling or shrinking of 
the stacked layers. Since photoresist exhibits great 
structural stability, this is not a consideration when 
inventive Aztec holograms are fabricated from such 
a medium. 

Color variation of the reflected light can be 
obtained in an inventive Aztec hologram in two 
distinct ways. One method of varying the color of 
the light reflected from an inventive Aztec grating 
and/or hologram, which method was described 
above, is to vary the angle of incidence of the 
beams during the first exposure so that different 
step spacings are obtained. Since the color of the 
reflected light depends on this spacing, consider- 
able control can be exercised in color variation in 
this way. This is illustrated in FIG. 6 which shows 
the use of prism coupling as a means for varying 
the vertical step spacing. 

Another method of varying the color of the light 
reflected from an inventive Aztec grating and/or 
hologram arises as a result of the fact that an Aztec 
hologram is an open structure that is normally 
coated with a reflective metal layer after the vertical 
steps have been formed. This highlights a fourth 
difference between a conventional VPR hologram 
and an inventive Aztec hologram. With the conven- 
tional VPR hologram, the average index of refrac- 
tion of a photosensitive layer is essentially the 
same after exposure and processing as it was 
before exposure. In contrast, for an inventive Aztec 
hologram, the two exposures are made in photores- 
ist, which has a comparatively large index of refrac- 
tion, for example, n = 1 .6, but after processing and 
overcoating with metal, the incident light ap- 
proaches the inventive stepped structure from air, 
which has a small index of refraction, n = 1. As a 
result, the inventive stepped structure will coher- 
ently backscatter light having a wavelength equal to 
twice the step height. For example, when the step 
height d = 143 nanometers for a normal incidence 
exposure in fabricating the inventive structure, the 
reflected light will have a wavelength of 286 nano- 
meters, which is in the ultraviolet. To obtain back- 



scattered light with the same wavelength as the 
exposing light, the metal coated stepped structure 
would have to be coated with a clear dielectric 
layer having an index of refraction n = 1.6. In this 

s case, the wavelength of the reflected light is twice 
the step height times the index of refraction, or 
286x 1.6 = 458 nanometers, which wavelength is 
the same as that of the blue light used in the initial 
exposure during fabrication. 

70 As a consequence of the above, many different 
colors may be achieved by coating the inventive 
metal structure with clear dielectric layers having 
different indices of refraction. For example, if the 
inventive structure were coated with a clear dielec- 

75 trie having an index of refraction n = 2.0, the 
reconstructed reflected wavelength would be 286 x 
2.0 = 572 nanometers, which is yellow. If, on the 
other hand, one used a dielectric material having 
an index of refraction n = 1.4, the reconstructed 

20 reflected wavelength would be 286 x 1,4 = 400 
nanometers, which is violet. Further, if the angle of 
incidence during fabrication were changed from 0 
to 60*. and a vertical step spacing of d = 170 
nanometers were obtained, then using an over- 

25 coating layer having an index of refraction n = 2.0, 
the reconstructed reflected wavelength would be 
170 x 2 x 2.0 = 680 nanometers, which is red; for 
n = 1.4 and d = 170 nanometers, the color would 
be 170 x 2 x 1.4 = 476 nanometers, which is blue- 

30 green. It should be clear to those of ordinary skill in 
the art that it is possible to achieve many different 
colors by using either or both of the above- de- 
scribed color shifting techniques. In practice, how- 
ever, there may be some restriction on the range of 

35 index of refraction of available dielectric overcoat- 
ing materials. Organic liquids presently exist which 
have indices of refraction which are as high as 
1.75, but very few clear plastic dielectrics exist 
which have indices of refraction above 1.6 or below 

40 1.4. 

All of the basic considerations described above 
with respect to the inventive Aztec grating carry 
over exactly to the inventive Aztec hologram, the 
only difference being in the method of recording. 

45 As described above, an Aztec grating is fabricated 
by creating interference between two pure, un- 
modulated beams moving in opposite directions 
and then by providing an opening structure. In 
fabricating an Aztec hologram, a pure, unmodulat- 

50 ed beam moving in one direction must interfere 
with a beam moving in the opposite direction which 
has been reflected from a real object. In order to 
fabricate the Aztec hologram, it is critical that sta- 
bility be maintained throughout the exposure pro- 

55 cess. 

Further, if the opening structure is a grating, 
especially a hexagonal honeycomb grating as de- 
scribed above, the etching or development must be 
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done carefully to ensure that the diffraction effi- 
ciency of the opening grating is close to zero. 
Otherwise, the diffracted spectra from the opening 
grating will distract from the image of the object we 
wish to view. This problem can be overcome if the 
opening structure is a standard off-axis hologram of 
the object. This geometry allows the structure holo- 
gram to be highly developed in areas where the 
intensities were the highest, and, as a result, more 
of the stepped structure is exposed. At the same 
time, the diffracted light from the off-axis hologram 
is maximum in the same areas as maximum dif- 
fraction efficiency was expected from the stepped 
Artec structure. Further, the same considerations 
for diffraction efficiency apply here for an inventive 
Aztec hologram as were described above for the 
Aztec grating, namely, when the off-axis hologram 
becomes dim, the Aztec hologram becomes bright. 

It is also possible to make the opening struc- 
ture an on-axis, or Gabor hologram of the object. In 
this case a twin image of the object is formed, one 
corresponding to the +1 diffraction order, and the 
other, to the -1 diffraction order, that appear si- 
multaneously on the same axis. Upon develop- 
ment these images gradually disappear and a sin- 
gle VPR type image appears in their place. 

The in-line configuration can probably be best 
realized by reference to Figure 11. This shows a 
reference beam passing through a layer of 
photoresist and striking an object on the other side. 
Reflected object light then passes in the opposite 
direction through the photoresist layer. The 
wavefronts of the reference beam are planar, but 
those of the object light are curved, as if they were 
issuing from the point-iike object. In addition, a 
portion of the reference beam is reflected in the 
opposite direction from the back side of the 
photoresist layer. This reflected reference beam is 
now propagating in the same general direction as 
the object beam. There will thus be a set of reflec- 
tion interference fringes formed between the refer- 
ence beam and the object beam which are sub- 
stantially parallel to the surface, and there will be 
another set of interference fringes between the 
reflected reference beam and the object beam that 
are substantially perpendicular to the surface. This 
latter set of fringes constitutes the opening holog- 
ram. Figure 12 shows the developed surface of the 
photoresist layer with the stepped Aztec structure 
superimposed on the coarse opening structure. In- 
terference fringes between the incident and re- 
flected reference beams are not significant be- 
cause of low contrast due to the significantly dif- 
ferent intensities of these two beams. The general 
principle shown here is not changed if the incident 
beam comes into the photoresist layer at some 
angle, since the components of light that are re- 
sponsible for the fringe structure are still perpen- 



dicular to the surface and the reflected reference 
beam and the object beam are still in the same 
general direction. 

FIGs. 9 and 10 show two other recording con- 

5 figurations for fabricating inventive Aztec holog- 
rams. In FIG. 9, actual object 100, which is to be 
imaged, is encapsulated in an index matching ma- 
terial 105 adjacent to photoresist recording layer 
115. which is coated on glass surface 110. Record- 

10 ing beam 120 is incident on glass surface 110 and 
passes through it to impinge upon object 100. Light 
126 is reflected from object 100 back through 
photoresist layer 115. As a result, a stepped struc- 
ture is formed within photoresist layer 115. At the 

T5 same time, a small portion of the light from refer- 
ence beam 120 is reflected at the interface be- 
tween resist layer 115 and glass layer 110. This 
reflected incident light 130 now interferes with light 
125 reflected from object 100, and. if the angle 

20 between reflected incident light 130 and light 125 
is slightly different, an off-axis hologram will be 
formed. If this angle is very small, or substantially 
zero, then the hologram will be formed substan- 
tially on axis and thus will be an in-line, or Gabor 

25 hologram. If the intensity levels provided by the off- 
axis hologram are sufficiently high when compared 
to those of the stepped structure, then upon devel- 
opment, the lower lying steps are opened up by a 
developer etchant and an Aztec hologram is 

30 formed. 

An alternative to this technique is the replace- 
ment of the actual object 100 with a standard VPR 
hologram of the object. This hologram can be 
made using techniques and materials well known in 

35 the art, but done with such a combination of re- 
cording angles that the diffraction efficiency is 
maximized for the particular incidence angle that 
will be actually used in making the Aztec hologram. 
In a second recording configuration for fabricat- 

40 ing inventive Aztec holograms, a master hologram 
of the object is made using a collimated reference 
beam. Then, as shown in FIG. 10, master hologram 
150 is repositioned, reversed and illuminated by 
reference beam 160. As a result, projected real 

45 image 165, having the same size as the object is 
generated and serves as an object beam incident 
on one side of recording photoresist surface 170. A 
portion of reference beam 180 impinges upon mir- 
ror 200 and is reflected so that it enters recording 

50 plate 170 from one direction and another portion of 
recording beam 185 enters recording plate 170 
from the opposite side. The stepped structure is 
formed by projected real image 165 and by the 
portion of reference beam 1 85 whereas the off-axis 

55 opening hologram is formed by portion of record- 
ing beam 180 and projected real image 165 which 
are incident at a slight angle to each other and on 
the same side of recording plate. The configuration 

10 
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shown in FIG. 10 requires electronic fringe locking 
to ensure stability for the stepped structure over 
the time of the exposure. 

In an alternative embodiment of this recording 
configuration, the master hologram 150 is coated 
with a vacuum evaporated layer of aluminum and 
attached onto a clear slab of plastic, for example, 
PlexiglassTM, of such thickness that the reflected 
projected image 165 is focused onto the opposite 
side when illuminated by a collimated reference 
beam, as shown in Figure 13. 

A portion of the reference beam illuminates the 
recording plate 170 from the opposite side as the 
real image light beam, and these two beams then 
constitute the stepped structure. There are two 
options for providing the opening hologram. With 
the first option a portion of the reference beam is 
split off by mirrors so that the light enters the slab 
from the same side as the object light, thus allow- 
ing an off-axis hologram to be formed. With the 
second option a portion of the reference beam will 
be reflected from the recording plate 170. as in- 
dicated by the dotted lines in Figure 13. If the 
angle of incidence is sufficiently large, the reflectiv- 
ity from plate 170 will be sufficient to form either 
an off-axis or in-line hologram of the object. 

The method outlined here has the advantage of 
providing more stability for the formation of the 
stepped fringes than that of Figure 10, and of thus 
minimizing the need for electronic fringe locking. 
Attachment of the master hologram 150 and the 
recording plate 170 can, for example, be made with 
an index matching cement, such as clear epoxy. 

When an inventive Aztec hologram has been 
formed in photoresist it can be replicated using 
standard techniques which are well-known in the 
art. For example, the photoresist plate is coated 
with a conducting metal, for example, evaporated 
silver, immersed in an electroplating bath, and a 
layer of nickel is plated onto the surface. When 
electroplating is completed, the resist layer is 
stripped away and the nickel plate constitutes a 
mirror image of the pattern formed in photoresist. 
The pattern of an Aztec grating in photoresist, for 
example, using a honeycomb opening grating, re- 
sembles an array of inverted pyramids. The pattern 
in the nickel replica, on the other hand, is an array 
of upright pyramids. 

The nickel replica can now be used to emboss 
the pattern into plastic. As long as the steps of the 
structure are well defined, with no undercutting, the 
embossing can be performed in a conventional 
manner which is well-known in the art by using 
heat, solvent, pressure or some combination there- 
of to initially soften the plastic. Care should be 
taken during embossing to minimize distortions, 
especially those which might occur in the vertical 
direction, because, as discussed above, variations 



in the step height will decrease the diffraction effi- 
ciency. 

If the embossed pattern is now overcoated with 
metal, such as aluminum, the hologram or grating 

5 can be viewed through the protective plastic layer. 
If the index of refraction of the plastic is the same 
as photoresist, then the color will be the same as 
the recording color. If the index of the plastic is 
lower than photoresist, as is usually the case, then 

70 the color will be shifted toward the blue. 

A variation of the above-described procedure 
involves coating the aiuminized surface of the plas- 
tic with a different layer of plastic, one whose index 
is adjusted, in the manner described above, to a 

75 desired color. If one uses several different types of 
plastic to coat different parts of the hologram, then 
a multicolor image can be produced. 

The inventive Aztec structure disclosed above 
can be applied as a means for forming optical data 

20 storage. In general, one wishes to have a recording 
medium coated in a thin layer on a disk so that 
information can be stored point by point by a laser 
beam that is focused onto the surface. One exam- 
ple of such a storage is a series of pits or depres- 

25 sions which are impressed along the tracking 
groove of a disk. The information is retrieved with 
another focused laser beam by detecting differ- 
ences in reflectivity from the pitted surface. If the 
pitted surface is prepared in such a way that it 

30 cannot be altered or erased, then the memory is 
referred to as ROM or read-only-memory. 

The use of the inventive Aztec structure in 
fabricating data storage relies on the differences in 
reflectivity that are obtained between continuous 

35 gratings and deep stepped gratings or deep 
stepped gratings that have different index over- 
coating layer materials. As discussed above, a 
grating having a deep triangular continuous groove 
profile yields zero order diffraction grating efficien- 

40 cies that approach zero as the phase angle gets 
larger. If the groove is stepped, however, these 
efficiencies approach 100% if the incident 
wavelength is equal to twice the step height spac- 
ing. Thus, there is a very large difference in re- 

45 flectivity between these two cases. 

A conventional optical data storage disk con- 
tains a spiral track with a track-to-track spacing of 
about 1 .6 micrometers. If the sides of the track are 
impressed with a stepped reflective structure and 

so the track is made of, for example, embossed or 
injected molded plastic and has no metallic over- 
coating, the reflectivity will in general be low, i.e., 
less than 5%. With an opaque aluminum coating, 
however, the reflectivity will be over 90%. If the 

55 coating is now made thinner so that it is partially 
transparent, the reflectivity can still be made rela- 
tively high, say 50%. If the embossed plastic is 
made absorbing by dying or some other means at 
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the writing wavelength, then that portion of the 
incident light that is not reflected will transmit 
through the metal layer and be absorbed by the 
plastic. The light intensity will be sufficiently high to 
just melt the fine sidewall stepped structure so that 
it will fuse together and form a continuous sloped 
surface. When this occurs, the reflectivity from the 
groove will be characteristic of a deep triangular 
profile with its low reflectivity rather than the high 
reflectivity of the stepped surface. Thus, in this 
embodiment, the storage of data depends on local 
destruction of deep Aztec structure at certain loca- 
tions along the spiral track and forms a read- only- 
memory. 

A further embodiment utilizes the difference in 
reflectivity which is obtained by overcoating the 
grooved spiral with a dielectric overcoating layer 
and then changing the index of refraction of the 
layer. For example, consider a step height that is 
tuned to be resonant with a certain reading laser 
wavelength when the layer is coated with a particu- 
lar dielectric. The writing laser causes a slight 
change in the index of refraction of the overcoating 
material. Then when the reading laser beam ad- 
dresses this area on the track, it will no longer be 
resonant and the reflectivity will be low. If the 
change in index is permanent, this would provide a 
read-only-memory. If the index of refraction can be 
restored to its previous value, this would provide an 
erasable memory. 

A still further embodiment is realized by the 
expansion or contraction of the embossed sidewall 
Aztec structure, more probably by the heat of the 
focused writing laser beam. This would be a so- 
called "accordion effect" , whereby the entire plas- 
tic sidewall Aztec structure in the region of local 
heating, for example, would change its vertical di- 
mension, such that the step spacing would be 
changed uniformly in that region. Such a uniform 
alteration of the step spacing would cause a cor- 
responding change in the reading wavelength and 
thus an indication would be provided of the storage 
of information in that region. By the same reason- 
ing an erasable memory would result if, for exam- 
ple, a temperature variation were applied to a re- 
gion of expansion such that the expanded region 
contracted to its former dimension. 

The actual stepped sidewall data storage struc- 
ture can be made using combination mask overlays 
by optical lithography and/or laser exposures in a 
photoresist layer on a suitable substrate. The de- 
sired spiral track would be made by conventional 
techniques using ultraviolet exposure through a 
chromium mask. For example, if the periodicity of 
the mask were 1 .6 micrometers and there were a 
flat area between tracks of 0.6 micrometer, then the 
mask would be a spiral of opaque chromium of 
width 0.6 micrometers separated by a clear spiral 



of width 1.0 micrometer. The mask would be 
placed in contact with the resist layer and exposure 
made with the UV lamp. This could be done either 
before or after the laser exposure. The step struc- 

5 ture would be provided by a laser exposure 
through the back side of the resist layer using 
prism coupling as described in Figure 6. One as- 
sumes that the resist has been coated onto a clear 
substrate. Using the proper combination of devel- 

70 opers and exposure, one could etch the spiral track 
such that the slope would not be too steep, and 
thus the steps would etch in well defined terraces. 
An alternative to using the mask overlay for the 
spiral track is to directly record a spiral using a 

75 focused laser beam. 

Clearly, those skilled in the art recognize that 
further embodiments of the present invention may 
be made without departing from its teachings. For 
example, the recording medium used to fabricate 

20 the inventive Aztec holographic diffraction grating 
and/or hologram need not be restricted to 
photoresist and may be a whole host of other 
materials. Further, the inventive stepped structures 
may be made by methods other than by laser 

25 interferometry. In particular, alternate technologies 
include use of such methods as electron beam 
writing and ion beam milling. 



30 Claims 

1. A volume phase reflection hologram or holo- 
graphic diffraction grating (10) comprising a me- 
dium (15) having formed therein a plurality of 

35 information-bearing periodically spaced stepped 
structures each of which is distributed depthwise in 
the medium with their individual steps (35-38) ar- 
ranged so that, when illuminated, they collectively 
reconstruct the optical information which they con- 

40 tain. 

2. A hologram or diffraction grating according 
to claim 1 , wherein the individual steps (35-38) are 
substantially parallel with a surface of the medium. 

3. A volume phase reflection hologram or holo- 
45 graphic diffraction grating according to claim 1 or 

claim 2, wherein the total surface of each succes- 
sive step (35-38) of each of the stepped structures 
is equal. 

4. A volume phase reflection hologram or holo- 
50 graphic diffraction grating according to any of the 

preceding claims, wherein the height between suc- 
cessive steps (35-38) of the stepped structures is 
one-half the wavelength of the recording light within 
the medium (15). 
55 5. A volume phase reflection hologram or holo- 

graphic diffraction grating according to any of the 
preceding claims, wherein the stepped structures 
comprise a hexagonal honeycomb array. 
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6. A volume phase reflection hologram or holo- 
graphic diffraction grating according to any of the 
preceding claims, wherein the stepped structures 
are over coated with a metal layer and at least one 
dielectric whose index of refraction is such that, 
when the volume phase reflection hologram or ho- 
lographic diffraction grating is illuminated with light, 
constructive interference results from light coher- 
ently backscattered from the stepped structure at a 
wavelength equal to twice the step height thereof 
times the index of refraction of the overcoating 
layer. 

7. A hologram or holographic diffraction grating 
(10) which comprises a volume phase reflection 
hologram recorded in a medium (15), a portion of 
whose interference fringes have been opened by a 
further hologram recorded in the medium. 

8. A hologram or holographic diffraction grating 
according to claim 7, wherein the further hologram 
is an off-axis hologram. 

9. A hologram or holographic diffraction grating 
according to claim 7, wherein the first hologram is 
an in-line, or Gabor, hologram. 

10. A hologram or holographic diffraction grat- 
ing according to any of claims 7 to 9, wherein the 
further hologram has interference fringes that are 
substantially perpendicular to the interference 
fringes of the volume phase reflection hologram. 

11. A hologram or holographic diffraction grat- 
ing according to any of claims 7 to 10, wherein the 
further hologram forms depressions in a hexagonal 
honeycomb close-packed parabolic array. 

12. A hologram which comprises a volume 
phase reflection hologram recorded in a medium 
(15), a portion of whose interference fringes have 
been opened by a holographic diffraction grating 
recorded in the medium. 

13. A hologram according to claim 12, wherein 
the holographic diffraction grating is an off-axis 
holographic diffraction grating. 

14. A hologram according to claim 12 or claim 
13, wherein the holographic diffraction grating has 
interference fringes that are substantially perpen- 
dicular to the interference fringes of the volume 
phase reflection hologram. 

15. A hologram according to any of claims 12 
to 14, wherein the holographic diffraction grating 
forms depressions in a hexagonal honeycomb 
close-packed parabolic array. 

16. A hologram according to any of claims 12 
to 15, wherein the holographic diffraction grating is 
a parallel line grating having triangular grooves. 

17. A hologram or holographic diffraction grat- 
ing according to any of claims 7 to 16, wherein the 
surface thereof is coated with metal. 

18. A hologram or holographic diffraction grat- 
ing according to claim 17, wherein the metal is 
overcoated with a dielectric material. 



19. A hologram or holographic diffraction grat- 
ing according to any of the preceding claims, 
wherein the medium (15) is photoresist. 

20. A hologram or holographic diffraction grat- 
s ing according to claim 19. wherein the photoresist 

is a positive photoresist. 

21. An optical data storage medium comprising 
a substrate (15) having arranged therein at least 
one volume phase reflection stepped structure dis- 

10 tributed depthwise in the substrate and opening at 
the surface thereof to provide upon illumination 
with a given illuminant predetermined optical ef- 
fects, the substrate being responsive to predeter- 
mined external stimuli to produce detectable 

75 changes in the predetermined optical effects such 
that the changes operate as a means for encoding 
information in the substrate. 

22. An optical storage medium according to 
claim 21, wherein the stepped structure is continu- 

20 ous. 

23. An optical storage medium according to 
claim 22, wherein the continuous stepped structure 
is in the form of a spiral. 

24. An optical storage medium according to 
25 any of claims 21 to 23, wherein the stepped struc- 
ture comprises a plurality of like structures ar- 
ranged within periodically spaced parallel grooves. 

25. An optical storage medium according to 
any of claims 21 to 24, wherein the substrate is 

30 responsive to the application of heat to change the 
reflection characteristics of the stepped structure. 

26. An optical storage medium according to 
any of claims 21 to 25, wherein the stepped struc- 
ture is overcoated with a layer of material with a 

35 given index of refraction that varies in response to 
the application of a writing stimulant such that the 
reflection properties of the stepped structure can 
be locally changed to encode information in the 
substrate. 

40 27. An optical storage medium according to 

any of claims 21 to 26, wherein the substrate is 
expandable and contractable in response to the 
application of heat to change the optical effects. 

28. A method of manufacturing a hologram 
45 comprising the steps of: forming a volume phase 

reflection hologram in a medium (15); and opening 
a portion of the interference fringes of the volume 
phase reflection hologram. 

29. A method of replicating a hologram, com- 
50 prising carrying out a method according to claim 

28, and coating the surface of the hologram with a 
metal to form a master; and embossing the master 
in a new medium. 

30. A method according to claim 28 or claim 
55 29, wherein the step of opening comprises forming 

a further hologram or holographic diffraction grating 
in the medium (15). 
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31. A method according to any of claims 28 to 
30, wherein the medium (15) is photoresist and the 
step of opening comprises exposing the medium to 
at least three coherent beams. 

32. A method according to any of claims 28 to 
30, wherein the medium (15) is photoresist and the 
step of opening comprises exposing the medium to 
a coherent beam which is projected through a 
coarse Ronchi grating. 

33. A method according to any of claims 28 to 
30, wherein the medium (15) is photoresist and the 
step of opening comprises exposing the medium to 
a first unmodulated beam and to a second beam 
which is first passed through or is reflected from a 
body which scatters light randomly. 

34. A method of forming a hologram compris- 
ing the steps of: projecting two first beams of light 
into a medium (15) from opposite sides thereof, 
one of the beams having first impinged upon an 
object; projecting two second beams onto a sur- 
face on the same side of the medium, which 
beams are disposed at an angle with respect to 
each other, and developing the medium. 

35. A method according to claim 34, wherein 
one of the first beams is projected into the medium 
from a first side thereof and is reflected by a 
reflecting medium on the opposite side of the me- 
dium to generate the other first beam. 

36. A method according to claim 34 or claim 
35. further including the step of coating the surface 
of the medium (15) with a metal. 

37. A method according to claim 36, further 
including the steps of overcoating the metal with a 
dielectric. 

38. A method according to any of claims 34 to 
37, further including means for varying the angle 
with which the two beams enter the opposite sides 
of the medium (15). 

39. A method of forming a hologram comprises 
the steps of: encapsulating an object (100) in an 
index of refraction matching material (105) which is 
disposed on one side of a glass substrate (110); 
disposing a recording medium (115) on the other 
side of the glass substrate; illuminating the object 
(100) with a beam of light that impinges upon the 
medium (115) at an angle; and developing the 
medium (115). 

40. A method for forming a hologram compris- 
ing the steps of forming a hologram (150) of an 
object using a collimated reference beam; illumi- 
nating the hologram (150) with a first portion of a 
beam (160), which beam has properties similar to 
those of the reference beam, to project a real 
image (165) of the object onto the one side of a 
recording medium (170) the recording medium be- 
ing disposed in front of, and at an angle to. a mirror 
(200); the mirror (200) being disposed so that a 
second portion of the beam impinges thereon and 



is reflected toward the other side of the recording 
medium (170); and a third portion of the beam 
impinging on the one side of the recording medium 
(170). 
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